This paper reports simulation results on microwave-assisted magnetization reversal in magnetic thin films with perpendicular anisotropy. In comparison with frequency-fixed microwaves, frequency-chirped microwaves have higher efficiency in pumping magnetization precession and, therefore, can lead to more significant reduction in switching fields. Through the use of chirped microwaves, switching with low fields is also possible for large damping films.
I. INTRODUCTION
In the presence of microwaves, magnetization reversal can be realized for relatively low magnetic fields. This effect is called microwave-assisted magnetization reversal ͑MAMR͒. The underlying physics for this effect is as follows. The microwaves can excite large-angle magnetization precession, and the latter can serve to reduce the field level needed for magnetization reversal.
The MAMR effect was first observed by Thirion et al. 1 in 2003. These authors demonstrated microwave-assisted reversal in a 20-nm-diameter cobalt nanoparticle with superconducting quantum interference device techniques. Following the work by Thirion et al., the MAMR response was confirmed in a number of different types of magnetic elements. These include single-domain elements, such as submicron cobalt particles 2 and micron-sized Permalloy film elements, 3 and multidomain materials, such as cobalt strips, 4 Permalloy thin films, 5, 6 submicron-wide Permalloy wires, 7 and Permalloy layers in magnetic tunnel junctions. 8, 9 In addition to the experimental work summarized above, the numerical simulations of MAMR processes have also been carried out on the basis of the torque equation of motion with damping. These include the pioneering work by Thirion and Wernsdorfer 10 and more recent work by Zhu et al., [11] [12] [13] [14] [15] Scholz and Batra, 16 Rivkin et al., 17 Okamoto et al., 18, 19 and Gao and Benakli. 20 These simulations all indicate that the presence of microwaves can remarkably reduce the field required for magnetization reversal if the microwave frequency is close to the natural ferromagnetic resonance frequency of the materials.
The MAMR effect has potential applications in magnetic recording. It may push the density of perpendicular magnetic recording to several Terabits per square inch. 21 Very recent simulations by Zhu et al. 14 demonstrate rather clearly a practical scheme for microwave-assisted perpendicular magnetic recording. However, Zhu et al. also found that for the media with very high anisotropy and very large damping, the MAMR operation requires rather high microwave fields. In practice, the incorporation of a high-power microwave source into a conventional recording head represents a big technical challenge. This challenge becomes even more serious for recording at 10 Tbits/ in 2 and beyond. This paper outlines a new approach that will allow for the realization of MAMR operations with low-power microwaves. As mentioned above, the main idea for the MAMR effect is to use microwaves to excite large-angle magnetization precession. In order for the microwaves to produce a strong precession response, it is necessary for the frequency to match, or be reasonably close to, the magnetization precession frequency. The important point of note, however, is that the precession frequency in the materials changes during the switching process itself. The physical basis of this change lies in the orientation-dependent effective anisotropy and demagnetization fields. To accommodate this effect, one can use chirped microwaves for which the carrier frequency is changed to match the precession frequency during the switching process. This will ensure that the system is always driven at its dynamic resonance frequency, the overall pumping process is optimal, and the large-angle precession can be excited with the microwave of significantly low power. This paper reports numerical simulations that prove this approach. The simulations were done on perpendicular-anisotropy film media and were based on the Gilbert equation. The magnetization reversal assisted with chirped microwaves was compared to that with frequency-fixed microwaves.
It is worth mentioning that Rivkin and Ketterson 22 were the first to note the high pumping efficiency of chirped microwaves. In fact, they proposed a recording scheme that uses chirped microwaves to switch the magnetization. In this scheme, the microwave field is perpendicular to the easy axis, and no static switching field is applied. For such a field configuration, the magnetization can relax to either an "up" state or a "down" state, depending on when one terminates the microwave drive. In other words, the realization of switching relies on the precise control of the duration of microwave pulses. In the MAMR scheme, however, the magnetization always relaxes to the static switching field and one can terminate the microwave signal anytime after the magnetization crosses over the energy barrier.
II. SIMULATION SPECIFIC
The simulations were performed on continuous thin films that have an out-of-plane uniaxial anisotropy field H u , a a͒ Author to whom correspondence should be addressed. Electronic mail: mwu@lamar.colostate.edu. saturation magnetization 4M s , and an overall damping constant ␣. The z axis was along the easy axis, and the x-y plane was in the plane of the films. A macrospin with a magnetization of M was assumed. It was also assumed that the magnetization M was initially along the +z direction. The switching field H sw was a step pulse and was applied with an angle of 10°from the −z direction. The microwave magnetic field h was linearly polarized along the x axis. The microwave was a step pulse when the frequency was fixed and was an impulse when the frequency was chirped.
Two films were considered: a low-H u film with H u = 18 kOe and 4M s = 8.3 kG and a high-H u film with H u = 80 kOe and 4M s = 12 kG. These two sets of parameters were chosen to represent the media needed for the low and high ends of the Tbits/ in 2 density range. The switching field pulse was turned on at 1 ns and had a rise time of 0.2 ns. The microwave pulse was turned on at 2 ns and had a zero rise time. For the discussions below, the magnitudes of H sw and h were normalized to an effective anisotropy field defined as H eff = H u −4M s . For the frequency-fixed microwave pulses, the carrier frequency was set to a͉␥͉H eff , where a was a constant and ranged from 0.2 to 0.6, and ␥ was the gyromagnetic ratio. For the chirped microwave pulses, the width was 1 and 0.2 ns for the low-H u and high-H u films, respectively. The carrier frequency changed linearly from a͉␥͉H eff to ͑1 / 3͒a͉␥͉H eff , where a ranged from 0.6 to 0.9. Figure 1 shows representative data on the MAMR dynamics for the low-H u film. The left and right columns show the data for frequency-fixed and chirped microwaves, respectively. The top panel shows the trajectories, and the middle and bottom panels show the normalized x and z components of the magnetization. In the trajectories, the red color means m z = 1 and the blue color means m z = −1. For both the columns, H sw was 0.2H eff and ␣ was 0.01. The microwave fields needed, however, were different, as indicated.
III. RESULTS AND DISCUSSIONS
Several results are evident in Fig. 1 . ͑1͒ The magnetization is switched in both cases. Note that for the same parameters, the switching cannot be realized in the absence of microwaves. ͑2͒ The switching times are about the same, on the order of 1 ns. For the high-H u film, the switching time is on the order of 0.1 ns. ͑3͒ The reversal dynamics involves three basic steps, ͑i͒ pumping, ͑ii͒ crossing over the energy barrier and the m z = 0 plane, and ͑iii͒ relaxation. Note that the second step is short but critical. The magnetization may not be switched if one turns off H sw during this step. ͑4͒ In the pumping step, the precession frequency decreases with time. This is because the effective anisotropy and demagnetization fields depend on the orientation of M, as mentioned above. It is this effect that makes the use of chirped microwaves effective.
The data in Fig. 1 show the key result of this work, namely, that the microwave power needed is much lower for the chirped-microwave drive than that for the frequencyfixed drive. This is due to the high pumping efficiency of chirped microwaves. The data in Fig. 1 are for a given switching field and a given damping constant. Inversely, if the microwave power is given, one finds that the switching can be done with lower fields and for films with larger damping if one uses chirped microwaves rather than frequencyfixed microwaves. This is clearly shown by the data in Figs. 2 and 3. Figure 2 shows the switching field needed for different microwave field levels. The data in graphs ͑a͒ and ͑b͒ are for the low-H u and high-H u films, respectively. The open circles are for switching with frequency-fixed microwaves, while the solid circles are for switching with chirped microwaves. The damping constant used in the simulation is 0.01.
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The data in Fig. 2 indicate two important results. First, the switching field needed can be significantly reduced if one can provide a high microwave field. Second, for a given microwave field, the switching field is much lower for the chirped-microwave case than that for the frequency-fixed drive. Take the low-H u film as an example. When the microwave field is 0.03H eff , one needs a switching field of 0.41H eff in the frequency-fixed-microwave case. In the chirpedmicrowave case, however, the switching field needed is only 0.13H eff . It is important to emphasize that these results are true for both the low-H u and high-H u films. Figure 3 shows the microwave field needed as a function of the damping constant. Two results are evident in Fig. 3 . First, the microwave field needed is lower in the films with smaller damping. Second, for a given microwave field, the damping constant range in which the switching is possible is significantly wider for the chirped-microwave case than that for the frequency-fixed drive case. For example, if the microwave field is limited to 0.08H eff as indicated by the dashed lines, the switching is possible only for ␣ Ͻ 0.02 or so in the frequency-fixed case. In contrast, if one uses chirped microwaves, the switching is possible in a rather wide ␣ range up to 0.1. This is true for both the low-H u and high-H u films.
IV. SUMMARY
In summary, chirped microwaves have high efficiency in pumping magnetization precession and, therefore, can significantly reduce the switching field. The use of chirped microwaves to assist switching is particularly important for the media with very high anisotropy and very large damping. It is important to note that chirp techniques are well known in radar technology, and various approaches can be used for the production of the chirped microwave pulses. 23, 24 Zhu et al. 14 proposed to use a spin torque driven oscillator to produce localized microwave fields to assist switching. For such an oscillator, the microwave frequency changes with the level of inject currents, 14 and one can obtain chirped microwaves by changing the current level. It is also important to note that all the results here are obtained on perpendicular-anisotropy continuous films. Future work on micromagnetic simulations on perpendicular granular media and bit patterned media is of great interest to magnetic recording. In granular media, for example, one needs to consider the effects of the dispersion in both the magnitude and direction of anisotropy fields. Since the frequency of magnetization precessions strongly depends on the anisotropy field, a dispersion in the anisotropy implies a dispersion in the precession frequency as well as in the pumping efficiency. As a result, the MAMR operation in granular media would need microwaves of higher power levels.
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